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The non-isothermal method for prediction of chemical stability of pharmaceuticals has been discussed in the literature
for almost half a century but it has not yet been systematically evaluated. The purpose of this study was to carry out a
comprehensive experimental evaluation of the non-isothermal method against the conventional isothermal method for
a fast preformulation stability screening. The chemical stabilities of 20 pharmaceutical compounds in aqueous based
solution were investigated. Degradation rate constants (k), activation energies (£,), toge and toge, (times for 10 and 2%
loss of potency, respectively) were determined by applying the Arrhenius equation to stability data generated by both
non-isothermal and isothermal methods. A comparison of the results indicated that the ‘1 week’ non-isothermal
experiment is as accurate as the ‘8 weeks’ isothermal experiment for placing compounds (15 out of 16 cases)
into the same binning categories based on tggy and toge, Values. The absolute values of k, tggy, and togy, at 25 °C
determined by the non-isothermal method for compounds with first order (or pseudo-first order) degradation kinetics
were within a factor of two compared to those determined by the isothermal method. The non-isothermal method
proved to be not applicable for accurate prediction of the shelf-lives of pharmaceuticals, however, when used to bin
discovery compounds based on likely issues related to chemical instability, the non-isothermal method can be carefully
implemented as a cost effective, fast, and relatively ‘high-throughput” method to support drug stability screening at the
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Background

Non-isothermal stability by linear heating (LNISO) has
been explored as an accelerated method for predicting the
long-term stabilities and shelf-lives of pharmaceuticals for
almost five decades (Yoshioka et al. 1987, 1988; Zoglio
et al. 1968). However, this method has never been system-
atically evaluated across numerous compounds in a single
study and compared directly to conventional isothermal
stability method. LNISO can be a robust and cost effective
method to rapidly (within a week) assess the chemical sta-
bilities of drug candidates at the early stages of develop-
ment. The experimental efforts and related costs of
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LNISO testing are minimal (e.g., 1 week experiment with 6
samples of each compound tested for chemical stability at
different time points on an hourly timescale). The LNISO
method allows for stability screening of a greater number
of drug candidates in a short period of time during prefor-
mulation at the discovery and development interface.
Various theoretical models have been developed to
apply the non-isothermal method by using linear-, expo-
nential-, logarithmic-, reciprocal, and step heating pro-
files (Zhan et al. 1997a, 1997b; Lin et al. 2009).
Yoshioka, et al., evaluated non-isothermal methods by
simulated linear heating of drug substances in solution
to predict drug stability (Yoshioka et al. 1987, 1988).
These studies used a Monte Carlo simulation method
and not actual experimental data. A much earlier study
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by Zoglio, et al. highlighted the usefulness of the LNISO
method in stability screening of drugs in different pharma-
ceutical formulations (Zoglio et al. 1968). However, no
comprehensive studies have been conducted to show that
stability parameters predicted by the LNISO method are
reproducibly in good agreement with the same parameters
obtained by the conventional Arrhenius stability method.

As the non-isothermal method may not accurately
predict absolute rate constant (k) and activation energy
(E,) values (Yoshioka et al. 1987, 1988), the present
study was designed to evaluate feasibility of the method
for compound binning based on kinetic togy (time for
10% degradation) and togy (time for 2% loss of potency)
values. Compound binning refers to the categorization
of compounds into three groups: those which are highly
stable and unlikely to present major challenges when it
comes to drug stability (BIN 1), those which may be
problematic with respect to chemical stability (BIN 2),
or those which are chemically unstable and unlikely to
have an adequate shelf-life (BIN 3).

At the discovery and development interface, the use of
toges values to establish binning classifications for stabil-
ity screening is considered adequate, since it most often
represents the outer limit of the stability. However, togy
is more relevant when evaluating degradation in terms
of impurity limitations imposed by the ICH guidelines
(ICH Guideline Q1A, R2 2003; ICH Guideline Q3A, R2
2006; ICH Guideline Q3B, R2 2006), and can therefore
be more applicable for stability screening at later stages
of the development.

The LNISO method used in this study was conducted
with a focus only on chemical stability of drugs in solu-
tion. For chemical stability assessment of drugs in the
solid state, an Accelerated Stability Assessment Program
or ASAP can be used, which is discussed in detail else-
where in the literature (Waterman 2011). The ASAP
method is based on an isoconversion concept that com-
pensates for the complexity of solid-state degradation
reaction kinetics and applies a moisture-corrected Ar-
rhenius equation that explicitly takes into account the
effect of relative humidity (RH) on the degradation rates
in solid state (Waterman 2011).

Another accelerated stability method presented in litera-
ture is single (high) temperature point stability testing
(Yoshioka et al. 1990). While very useful, using the ‘single
temperature stability’ approach to rank order drug candi-
dates requires an assumption that the activation energies
are similar across the comparing group. That is, it as-
sumes that what is seen at a high temperature predicts the
relative stability at, for example, controlled room
temperature. This method also does not provide any
insight into the relative temperature sensitivity of the deg-
radation and thus a possible controlled temperature shelf-
life, however defined.
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The LNISO method is most effective where degradation
pathways follow first order (or pseudo-first order) kinetics
and there are no major mechanism changes or changes in
rate-determining steps with changing temperature.
Complications may also arise when there are multiple
pathways to degradation each with very different E,
values. Common examples of reactions that may not
follow the first order degradation kinetics include certain
oxidation reactions, bimolecular reactions and revers-
ible reactions to equilibrium, such as racemization/
isomerization. In the LNISO method used in this
study, the assumption is made that degradation of
compounds follows first order reaction kinetics and
that the activation energy is relatively constant over
the temperature range studied. The aims of the com-
prehensive experimental and analytical work presented
in this study were as follows:

e To compare the LNISO method against the
conventional isothermal method by using two
compendial drugs, acetaminophen and sulfacetamide
(Fig. 1), with their known isothermal stability
profiles reported in the literature (Koshy and Lach
1961; Meakin et al. 1971).

e To assess feasibility of the LNISO method for
binning drug compounds by comparing the
predicted kinetic togy, values at 25 °C with those
determined by the conventional isothermal method.
Herein, the anticipated binning categories were
chosen as BIN 1: tggy > 24 months, BIN 2: tgge, = 12
to 24 months and BIN 3: tggy < 12 months, based on
early development criteria. One could envision
application of tighter criteria (e.g., togy) in later stage
of the drug development.

e To evaluate the effect of sampling frequency on
precision of the stability parameters determined
utilizing the LNISO method, as described by
Yoshioka et al. in 1987.

To achieve these aims, the current study was con-
ducted in two parts. The first, comprised a short term
accelerated non-isothermal stability experiment (1 week
in a LNISO oven by linear heating) on two compendial

Acetaminophen Sulfacetamide

Fig. 1 Chemical structures of the model compounds, acetaminophen

and sulfacetamide
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drugs and 18 discovery compounds with different phar-
macophores. The second, was a long-term conventional
Arrhenius stability experiment (8 weeks in five separate
isothermal ovens), conducted in parallel on the same 18
discovery compounds. A subset of the conventional sta-
bility data (time O to week 4) was selected for evaluation
as an abbreviated isothermal method that could be an al-
ternative method for accelerated stability. Stability data
from LNISO experiments were compared to those from
the conventional isothermal and the abbreviated isother-
mal experiments. For the compendial compounds (acet-
aminophen and sulfacetamide), the non-isothermal data
were compared to the isothermal stability data for these
drugs reported in the literature (Koshy and Lach 1961;
Meakin et al. 1971).

Methods

Materials

The two model compounds, acetaminophen (Lot#
10142144, purity 98%) and sulfacetamide (Lot# A05U023,
purity 98%), were both manufactured by Johnson Matthey
company and obtained from VWR (USA). Buffers used to
maintain the pH in the drug solutions were obtained from
VWR. The 18 drug substances (Compounds Al, A2, A3,
..., and A18) used in this study all were research grade
compounds (purity > 98%) provided by Allergan R&D. All
of the drug substances and reagents were used as
received.

Experimental methods

Sample preparation

A stock solution of each drug compound was prepared
in 30 mM phosphate buffer (pH 7.0) and ethanol (80:20,
v/v) to target a concentration of 40 ppm for drug sub-
stance. All stock solutions were filtered and dispensed,
in 1 mL aliquots, into 2 mL glass ampules. The ampules
were sealed by using an ampule sealer, no nitrogen or
argon headspace was used. For conventional isothermal
stability analysis, 6 ampules were placed in the 40 °C
oven, 6 ampules were placed in the 60 °C oven, and 6
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ampules were placed in the 80 °C oven. Additionally, 3
ampules were placed in the 50 °C oven to be utilized in
the 4 week abbreviated isothermal study. For the non-
isothermal stability study, 10 ampules were placed in the
temperature controlled non-isothermal oven. Any
remaining ampules were stored in a freezer, at -20 °C,
as the time zero samples. At the desired time-points, the
ampules were removed from the ovens and stored in the
freezer (=20 °C) for future analysis by HPLC (high per-
formance liquid chromatography). The pH values were
measured by a pH-meter (Beckman Coulter equipped
with Mettler electrode) before and after experiment and
the measurements were done at room temperature. All
pH values measured in this study were apparent pH, as
ethanol was used as co-solvent for the aqueous based
drug solutions. All sample preparation and experimental
conditions are summarized in Table 1.

To monitor any possible pH shifts as a result of in-
creased temperature during the non-isothermal studies,
the pH was measured at the end of the stability experi-
ment at 95 °C and the pH shift (decrease in pH) was
found to be less than 0.2 pH units.

Sample analysis

Before HPLC analysis, stability samples (including the t,
samples) were removed from the freezer and stored at
40 °C for 1-2 h to help re-dissolve any precipitate which
may have formed during the storage at —20 °C. The am-
pules were vortexed, opened, and their contents were
transferred to HPLC vials for analysis.

The HPLC method described in the USP monograph
was used for acetaminophen (Official US Pharmacopoeia
2011) and an HPLC method reported by Rao et al., 1999
was used for sulfacetamide. A universal HPLC method
(Table 2) was developed in-house and used for analysis of
the Allergan compounds tested in this study. The detec-
tion wavelength was the only parameter of this method
that was changed based on the UV absorption spectrum
of each compound.

Table 1 A side-by-side comparison of the experimental conditions for the three stability methods used herein

Non-Isothermal (LNISO) Stability

Abbreviated Isothermal Stability ~ Conventional Isothermal Stability

Drug Substance Concentration
Vehicle

40 ppm

Target pH Starting pH: 7.0, End pH: shifted by < 0.2

pH-unit due to the temp. increase

Heating Type/Storage Linear Heating (50 — 95 °Q)

Temperatures
Target Time Points
Sample Storage Time 7 days

Total Number of Samples 11

80:20 (~30 mM Phosphate Buffer/Ethanol)

0, 8,32, 56, 80, 104, 120, 128, 144, 152, 168 h

40 ppm 40 ppm
80:20 (~30 mM Phosphate Buffer/ 80:20 (~30 mM Phosphate Buffer/
Ethanol) Ethanol)

7.0 7.0

Isothermal (50, 60, and 80 °C) Isothermal (40, 50, 60, and 80 °C)

0, 3,7, 14 and 28 days 0, 3,7, 14, 28, 42 and 56 days

4 weeks 8 weeks

13 25
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Table 2 Experimental conditions for the universal HPLC method

HPLC System Waters E-2695 Module

Detector Waters 2489 UV detector and 2998 PDA detector

Software Waters Empower 2

Column Agilent Zorbax SB-C18 3.5um 4.6x150mm

Mobile Phase A: 0.05% TFA in DI Water
B: Acetonitrile

Gradient Time (min) A (%) B (%)
0 80 20
2 80 20
20 10 90
25 10 90
26 80 20
28 80 20

Flow Rate 1 mL/min

Injection Volume 20 pL

Running Time 28 min

Column Temperature 30 °C

Wavelength Selected based on each compound’s Aax

Non-isothermal stability method
To perform the non-isothermal stability experiments, an
advanced non-isothermal stability oven was developed,
which maintained exposure of samples to heat by applying
a linear heating profile with an accuracy of +0.1 °C from
the target temperatures. A heating block (compatible with
ampules or HPLC vials) integrated with a PID (propor-
tional integral derivative) controller was used to accurately
control the temperature. A computer software program
was developed to control sample heating by a linear
temperature increase over the time (e.g., 1 week stability).
Samples were heated in the oven with the linear increase
in temperature from 50 to 95 °C for 7 days (30 to 100 °C
for 7 days for the model compounds). Stability samples
were pulled out of the oven at different time points (time
scale in hours) and placed in a freezer at -20 °C to pro-
hibit any further degradation before HPLC analysis.

Theoretical model for the Non-isothermal stability
A nonfractional order chemical reaction can be de-
scribed by the following general equation:

F(C) = -kt +£(C) (1)

where k is the rate constant for the chemical degrad-
ation, t is the time, and f{C) is the function for remaining
concentration of the parent over the time, which de-
pends on the order of the reaction. For zero-, first-, and
second-order reactions, f{C) is C, In C and -1/C, re-
spectively. C, is the initial concentration of parent com-
pound at time zero (ty).
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Combining Eq. (1) for a first order reaction at non-
isothermal temperature, 7= T (f), with the Arrhenius
equation (Eq. 2):

k= k’exp {% (% —%)} (2)

will yield a differential equation (Eq. 3) in integral form:

£(C) = - /0 tk'~exp{% {;_Ttt)} }dt +£(Co)

(3)

The integral Eq. (3) for decay of a drug by first order
kinetics under non-isothermal conditions can be then
written as the following general Eq. (4): (Yoshioka et al.
1987, 1988; Zhan et al. 1997a)

n(C,) = —k’/ot exp{% [% —ﬁ] }dt + In(Cy)
(4)

where k ’ = apparent degradation rate constant at 7' e.g.,
k’ = ks for the temperature at 25 °C

R = the universal gas constant (R =1.987 cal mol™* K™),
which is equivalent to the Boltzmann constant but
expressed in units of energy per temperature increment
per mole

C, = concentration of drug at time (z),

C, = initial drug concentration,

dt = time points (variable),

E, = activation energy (in cal mol™),

T ’ =temperature (in K) for which the rate constant
(k) is estimated (e.g., 298 K for kys),

T (t) = temperature (in K) at the time (£).

For this study, the integral Eq. (4) for decay of a drug
by first order kinetic under non-isothermal conditions
was written as Eq. (5) specifically to include the apparent
degradation rate constant at 25 °C (kos):

n(C;) = —kgg/otexp{% {29;15—%} }dt + In(Co)
(5)

The experimental data was fit to the theoretical model
in Eq. (5) to solve the rate constant for decay of the drug
at 25 °C (kys) plus the activation energy (E,) by using the
analytical concentrations of the drugs at different stabil-
ity time points (C,), the sampling times (t) and the
temperature values, T(t), measured at each sampling
time point.

Non-isothermal heating program

Stability samples are heated in the non-isothermal oven
by a heating block controlled by the PID controller. The
PID controller maintains a linear temperature profile
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driven by using Eq. (6) for set points with an accuracy of
+0.1 °C from the actual temperature. Equation (6) is
used to generate the linear temperature profile, for ex-
ample the green line presented in Fig. 2:

Tt)=T,+at (6)

where a is the heating rate, T(t) is temperature at time
(#) and T, is the starting temperature at time 0.

Isothermal stability method

Samples were stored for 8 weeks in separate isothermal
ovens with temperatures set to 40, 50, 60, and 80 °C.
The stability samples were pulled out at different time
points (time scale in days) and placed in a -20 °C freezer
until the HPLC analysis.

Abbreviated isothermal stability method

The abbreviated isothermal stability was a subset of the
conventional isothermal stability method described
above. Samples were held separately in the same isother-
mal ovens at 40, 50, 60, and 80 °C for 4 weeks. The sta-
bility parameters predicted by the abbreviated method
were compared to the same parameters predicted using
the 8 weeks isothermal stability.

Data analysis and curve-fittings

All HPLC chromatograms were processed using the Wa-
ters Empower software. Kinetic analysis of the majority of
the compounds was performed by using the peak areas of
the parent peak. For two compounds (A8 and A17) the
peak areas of the degradation products were used.
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Fig. 2 Simulated degradation profile (red curve) for sulfacetamide by
Eq. 5. The kys and E, values reported in literature (Meakin BJ et al. 1971)
were used as the input parameters for the simulation. The green line
displays the temperature vs. time in Eq. 6
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The Scientist® software by Micromath (Manual for Sci-
entist 3.0 Program 2006) was used for all data analysis,
curve fittings, and determination of the 95% confidence
intervals and R* (coefficient of determination) values.
The mathematical model of Eq. (5) was programmed in
Scientist®. The program uses a least square fit (regres-
sion) for the curve fittings to calculate the ko5 and E,
values. The R* values, which indicate goodness-of-fit for
fitting experimental data to the theoretical model in Eq.
(5), were calculated by the software. In addition, the Sci-
entist® program was used to calculate confidence interval
values (95%) for each estimated stability parameter, i.e.,
kys and E,, where the best regression fit was achieved.

Results and discussions

For the model compounds, sulfacetamide and acet-
aminophen (Fig. 1), a degradation profile was simulated
for each drug by the non-isothermal model programmed
by using the Scientist® software, where the known ks
(rate constant at 25 °C) and E, values reported in the lit-
erature (Koshy and Lach 1961; Meakin et al. 1971) were
utilized. Figure 2 simulates the degradation profile for
sulfacetamide (the red curve) by the non-isothermal
model upon linear heating (shown by the green line)
using a ky5 value of 6.83 x 10~ day " and an E, value of
22.9 kcal/mol, as reported for the degradation of the
drug at pH 7.4 in the literature (Meakin et al. 1971). An
estimated degradation of about 16% was predicted for
sulfacetamide by the non-isothermal model, assuming
exposure to linear heating from 30 °C to 100 °C for
1 week (see Fig. 2). The non-isothermal experiment ob-
servations for sulfacetamide by linear heating can be
seen in Fig. 3. The data indicated that 89% of the drug
remained at the end of the 1 week non-isothermal ex-
periment, which was ~5% less loss than predicted by the
non-isothermal simulation using the literature values for
kys and E, (c.f Fig. 3 with Fig. 2). This suggests a differ-
ence between stability parameters obtained by LNISO
method and those reported in the literature. The degrad-
ation rate constant (kys) and activation energy (E,) esti-
mated for sulfacetamide by the non-isothermal method
were 2.38 x 107° (£3.12 x 107) day ' and 25.0 + 0.4 kcal/
mol, respectively. The activation energy (E,) by non-
isothermal method was 9.2% (+1.7) higher than the E,
reported for sulfacetamide (Table 3), while the kinetic
rate constant (kys) deviated by 2.9 fold (see Table 3). An
earlier study by Anderson referenced in the Meakin
et al., study (Meakin et al. 1971), reported a value for E,
of about 23.9 kcal/mol, quite similar to the value re-
ported here. It should be noted that the literature study
of sulfacetamide stability was performed at 120 °C and
the only temperature dependency stability study (pH 7.4,
data not reported per se) was done at 99.5, 110, 120, 130
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and 140 °C, making extrapolation/projection to 25 °C
potentially subject to considerable error.

Figure 4 shows the experimental results for the non-
isothermal stability study for acetaminophen (drug con-
centration and temperature vs. time) at pH 3.0. A pH of
3 was chosen so that a quantifiable level of degradation
could be observed during the time course of the LNISO
experiment (Koshy and Lach 1961). The acetaminophen
data was fitted to the theoretical first order Arrhenius
kinetics in Eq. (5) for linear heating simulated by Eq. (6)
as displayed in Fig. 4. The kinetic rate constant (k,5) and
activation energy (E,) determined for acetaminophen by
the LNISO method (kos5=7.92-107° day’1 and Ea=
19.5 kcal/mol) also deviated from the same literature pa-
rameters obtained by the conventional isothermal
method (Koshy and Lach 1961). The activation energy
(E,) deviated by 8.3%, while the ky5 value was 4.1 fold
less than the ky5 reported for acetaminophen in the
literature (Koshy and Lach 1961) (see Table 3). Again,
the same explanation/concern raised with the
sulfacetamide study could explain the observations with

acetaminophen. Specifically, in the acetaminophen sta-
bility by Koshy and Lach, stability was performed at
three temperatures of 70, 80 and 90 °C and used to ex-
trapolate to 25 °C. Since only three temperatures were
studied and no statistics were provided, extrapolation
over this temperature range can lead to considerable
variation in the projected rate constant especially when
one considers that at pH 3 in the Arrhenius plot shown
as Fig. 10 in the Koshy and Lach paper, the three data
points showed considerable curvature and thus the 95%
confidence values for both the Ea values and the pro-
jected rate constants at 25 °C are likely quite large. The
differences in the Ea values were modest and under-
standable considering curvature seen in the Arrhenius
plot.

Table 3 is a summary of the k5 and E, values predicted
for the model compounds, acetaminophen and sulfaceta-
mide, by LNISO method vs. the same stability parameters
determined by conventional isothermal stability in the lit-
erature (Koshy and Lach 1961; Meakin et al. 1971). These
results verified that the non-isothermal method might not

Table 3 Comparison of stability parameters for acetaminophen and sulfacetamide obtained by non-isothermal method vs. isothermal

method in the literature (Koshy and Lach 1961; Meakin et al. 1971)

Model Compound

Conventional Isothermal Method (Literature)?

Non-isothermal Method®

kys=3.27-10"" day™
E,=18.0 kcal/mol
kys=6.83-107° day™
E, =229 kcal/mol

Acetaminophen (pH 3.0)

Sulfacetamide (pH 7.4)

kos=7.92-107° (+1.54-10°° day ™’
E,=195 (+0.7) kcal/mol

kos=238-107° (+3.12-107") day™’
E,= 250 (+0.4) kcal/mol

“Isothermal stability data in Ref. (Koshy and Lach 1961; Meakin et al. 1971), where the reported k values were extrapolated to 25 °C by using Arrhenius plots

PNon-isothermal by Linear Heating (LNISO)
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Fig. 4 Non-isothermal stability of acetaminophen by linear heating
fit to the theoretical LNISO model (Egs. 5 and 6) as described in Fig. 3

reproduce exactly the same stability parameters ob-
tained by the isothermal method in the literature but
the values for E, are comparable while rate constant
values differ by a factor of 2—3. Similar disparities were
predicted by the Yoshioka MonteCarlo simulation
study (Yoshioka et al. 1987, 1988). Other possible ex-
planations for the discrepancy between the literature
values and those predicted by the LNISO method
might be: 1) differences in experimental conditions
such as pH shift upon increase of temperature by the
non-isothermal, buffer concentration, temperature
control, etc. 2) differences in sensitivity of the analyt-
ical tools (Koshy and Lach 1961; Meakin et al. 1971). It
is unfortunate that we did not perform our own iso-
thermal study to address any differences but we were
unable for logistical reasons to go to perform such a
study but as will be seen with the Allergan compounds,
similar differences were seen between the two stability
testing methods.

In an initial analysis of the LNISO data for the 18
Allergan compounds, three of these compounds (A3, A9
and A18) were quickly excluded from the more
complete study. The first of the excluded compounds,
A3, was so unstable that even the time-zero sample
(stored in the freezer) showed a large degradation peak
in the HPLC chromatograms (>20% by peak area). Two
other compounds, A9 and A18, were excluded due to
significant and persistent precipitation that was discov-
ered after the removal of the stability samples from the
freezer. Lower solubility and recrystallization upon stor-
age at -20 °C may possibly explain the precipitation.
The presence of precipitated materials in stability sam-
ples for these two compounds caused large variations in
the measured drug concentrations that made the data
analysis difficult. Another set of three compounds (AS,
A16, and A17), showed no statistically significant
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Fig. 5 Linear non-isothermal stability results for Compound A7. The
red data points are the experimental data, the green line is the fitted
curve to Eq. 5, and the yellow data points are the residuals (experimental
minus calculated)

decrease in parent peak, but fortunately, there was only
one major degradation product for each compound as
indicated by the HPLC chromatograms. The degradation
rate constants for these compounds could be determined
with a high precision by monitoring growth of the single
degradant of each compound. Since the response factors
of the degradants were unknown, an assumption was
made that the degradants have the same response factors
as the parent drugs. The degradants by both methods
were identical (same retention time by HPLC). In sum-
mary, there were only three (out of the 18) compounds
for which the degradation kinetics could not be accur-
ately determined (i.e., A3, A9 and A18).

Figure 5 shows an example of the data fitting results
for the LNISO experiments on Compound A7, which is
a typical representation of the non-isothermal data with
optimum goodness-of-fit to the theoretical model de-
scribed by Eq. (5), allowing an estimate of k5 and activa-
tion energy (E,) for each compound.
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Fig. 6 Isothermal stability results for Compound A7 at 40, 50, 60, and
80 °C. The solid lines are fitted curves using an exponential equation for
first order kinetics
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y =-14191x + 39.468
R?=0.997

In(k) (1/day)

0.0028 0.0029 0.003 0.0031 0.0032 0.0033
1T (1/K)

Fig. 7 Arrhenius plot for Compound A7 based on the isothermal
stability results showed in Fig. 6

Figures 6 and 7 show representative examples of the
data processing results for the conventional isothermal
experiments. Figure 6 uses the first order kinetic model
to fit the experimental drug concentrations vs. time for
Compound A7 at four temperatures: 40, 50, 60, and 80 °
C. An Arrhenius plot is obtained by plotting natural
logarithm of the calculated first order degradation rate
constants (In k) vs. corresponding 1/7 values as shown
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in Fig. 7. The activation energy is determined from the
slope of the Arrhenius plot. The degradation rate con-
stant at 25 °C (kys) is estimated by extrapolating the lin-
ear Arrhenius curve to a temperature of 25 °C.

Table 4 summarizes the calculated degradation rate con-
stants at 25 °C (ky5) and activation energies (E,) by using
the 3 methods: non-isothermal method, conventional iso-
thermal method, and abbreviated isothermal method.

There were five compounds (A1, A2, A5, A6 and A10)
that had no significant degradation in both non-
isothermal experiments and isothermal experiments at
40, 50 and 60 °C (four of the five compounds showed
only minor degradation at 80 °C but even this one-
temperature point could not be used to estimate a ks
value). These five compounds were considered stable
and classified as BIN 1 (togy > 24 months).

In summary, there were 10 compounds (out of 15 com-
pounds with usable kinetic stability data) for which ks
and E, values were determined by all three methods for
further binning classifications, out of which two com-
pounds (A1l and A16) did not follow first order kinetics.

Examining the stability data in Table 4 and ignoring
the two compounds that did not follow the first-order
degradation kinetics (A1l and A16), the ko5 values deter-
mined by the LNISO method (11 data points) had an

Table 4 Summary of degradation rate constants and activation energies determined using the three stability methods

Compound LNISO* Method (1 week) Conventional Isothermal Abbreviated Isothermal
# 11 time points 6 time points (8 weeks) (4 weeks)

E, (kcal/mol) ko5 (1/day) E, (kcal/mol) ko5 (1/day) E, (kcal/mol) ko5 (1/day) E, (kcal/mol) kys (1/day)
A1P Stable, no degradation observed.
A2° Stable, no degradation observed.
A3 Unstable
A4 24.22 6.58E-4 24.25 6.49E-4 25.14 4.76E-4 24.66 542E-4
A5P Stable, no degradation observed.
A6° Stable, no degradation observed.
A7 27.68 3.78E-4 27.80 3.70E-4 28.18 2.88E-4 2849 267E-4
A8 2547 1.32E-5 2562 1.26E-5 2445 1.67E-5 23.14 2.15E-5
A9 Precipitations, data could not be processed.
A10° Stable, no degradation observed.
Al1¢ 14.14 4.14E-4 12.69 6.39E-4 18.71 6.67E-5 15.58 1.61E-4
A12 17.54 3.02E-3 17.72 2.86E-3 18.66 1.63E-3 16.85 2.04E-3
A13 25.26 2.76E-4 2520 2.80E-4 2493 231E-4 24.54 2.51E-4
Al4 31.78 4.33E-5 31.70 4.40E-5 3298 2.60E-5 3281 2.70E-5
A15 3191 1.80E-5 31.87 1.82E-5 31.68 1.40E-5 3035 1.90E-5
Al16° 9.59 3.94E-4 10.36 3.27E-4 10.32 840E-5 12.11 8.50E-5
A17 27.05 3.09E-6 2691 3.20E-6 2557 2.94E-6 2864 1.82E-6
A18 Precipitations, data could not be processed.

2LNISO Non-isothermal by Linear Heating

PFive compounds (A1, A2, A5, A6 and A10) with no significant degradations, considered ‘stable’
“Two compounds (A11 and A16), which didn’t follow the first order degradation kinetics
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average difference of +43% compared to those determined
by the isothermal method. The E, values predicted by the
LNISO method had an average difference of +3.9% com-
pared to those determined by the isothermal method.
These results were better than the previous data on the
model compounds, acetaminophen and sulfacetamide,
possibly because there was better consistency in experi-
mental conditions, such as pH and buffer concentration,
analytical methods and extrapolations.

Figure 8 correlates the kys values by the LNISO
method to the ky5 values by the conventional isothermal
method. The data depicts two outliers (Compounds A1l
and A16) within the total of 10 compounds with predict-
able rate constant values. When the two outliers were
excluded, the correlation between the ks values by
LNISO and isothermal methods was shown to be very
good with an R? value of 0.99. When the two outliers were
carefully examined, the stability results of these two com-
pounds had the following two common characteristics: 1)
degradation kinetics from the isothermal experiments did
not follow first order kinetics; 2) the non-isothermal
degradations showed poor model fitting results (R*<
0.999) causing the large errors in ks values as shown
in Fig. 8. A more detailed analysis of the errors due
to a poor fitting follows.

As an example, Fig. 9 is a plot demonstrating the iso-
thermal experimental results for one of these outliers,
Compound A11. The kinetic curves of the drug degrada-
tions did not fit first order kinetics. Instead, the data ap-
peared to be biphasic with a fast initial degradation phase
in the beginning of the stability experiment (up to 7 days)
followed by a slower degradation phase after 7 days.
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Fig. 8 A correlation between estimated degradation rate constants
(kzs) by non-isothermal method vs. conventional isothermal method.
The error bars associated with k,s by non-isothermal method are based
on the 95% confidence intervals. The two outliers (Compounds A11
and A16) both showed chemical degradation that does not follow first
order kinetics
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Fig. 9 Isothermal stability results for Compound A11 at three different
temperatures (40, 50, and 60 °C). The solid lines are the fitted curves
using an exponential equation for first order kinetics

Figure 10 shows the data fitting results for the LNISO
experiments on Compound All. A poor fit can be ob-
served especially at the early time points (up to 72 h).
The two common behaviors of the outliers (described
above) are dependent on each other: the poor fitting to
LNISO experiments is most likely caused by the non-
first order kinetics of the drug degradations under iso-
thermal conditions, because processing of the LNISO
data (Fig. 10) is performed under the assumption that
degradation of the drug follows first order kinetics.

Figure 11 correlates the activation energies (E,) by the
non-isothermal method to the same (E,) by a conven-
tional isothermal method. The same two outliers (Com-
pounds All and Al6) in Fig. 8 are labeled with red
color in Fig. 11. By excluding the two outliers, tenta-
tively, the correlation between the E, values by LNISO
and isothermal methods was fair with an R-square of
0.95. The two outliers had significantly larger errors
compared to the other compounds. The reason appears
to be due to the non-first order degradation kinetics
(as shown in Fig. 9), which caused a poor fitting of the
non-isothermal data to the theoretical model and
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Fig. 10 LNISO stability results for Compound A11. The red data points

are experimental data, the green line is the fit to Eq. 5
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Fig. 11 Comparison of activation energies (£a) by LNISO method vs.
conventional isothermal method. The error bars associated with the
Ea values by the LNISO method are based on the 95% confidence
intervals. The two compounds displayed in red (A11 and A16) showed
chemical degradation that does not follow first order kinetics

consequently resulted in a large error in Ea. Although one
of the two outliers lies on the correlation line in Fig. 11, it
is considered to be a fortuitous result. A more detailed
analysis of the errors due to the poor fitting follows.
Considering the precision of the key stability parame-
ters obtained by the non-isothermal method, Table 5
compares the k5 and E, values with 95% confidence in-
tervals predicted by using 11 data points versus 6 data
points. The data in Table 5 also suggests that the stand-
ard errors for kys and E, by LNISO method are signifi-
cantly lower when more frequent sampling (larger
amount of data points) are used. The increasing preci-
sion with increasing sampling frequency is consistent
with the evidence in the literature reported by Yoshioka
et al. (1987, 1988). Notably, in Table 5, Compounds A1l
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and A16 can be considered outliers as the R? values for
both compounds are less than 0.999 indicating a signifi-
cant deviation from the first-order kinetics.

Regarding accuracy of the key stability parameters,
since the conventional isothermal method follows com-
pendial conditions (i.e., pharmacopeia) and requires long
time incubations (e.g., 2 months) at constant tempera-
tures, this method is considered as the most accurate
method among those studied. By comparing the ks
values determined by the three methods, the 4 weeks ab-
breviated isothermal values are the closest to the ks
values obtained by the 8 weeks conventional isothermal
stability with an average deviation of +24%. However,
the ko5 values determined by the LNISO methods (six
data points vs. 11 data points) demonstrated similar de-
viations from the results by the conventional isothermal
method. The average deviations were + 44% by the LNISO
method (6 data points) versus +43% by the LNISO
method (11 data points). For the above analysis, the two
outlier compounds (A11 and A16) were excluded.

As can be seen from Table 6, at least a minimum of
two compounds were binned into each of the proposed
binning categories. The binning classifications by all
three methods were in good agreement for all com-
pounds with stability data that followed first order deg-
radation kinetics. All three of the stability screening
methods binned nine of the 18 compounds (A1, A2, A5,
A6, A8, A10, Al4, Al5, and Al7) into BIN 1, which is
the category for compounds with predicted tog values
greater than 24 months. For five of the BIN 1 com-
pounds (Al, A2, A5, A6, and A10) no degradation was
observed under the experimental conditions tested. Fur-
thermore, all three methods binned Compound A13 into
BIN 2, which is the category for compounds with pre-
dicted tggy, values between 12 and 24 months. For

Table 5 Stability parameters and R” values determined by LNISO (11 data points) vs. LNISO (6 data points)

Compound # LNISO® (11 data points) LNISO? (6 data points)

Ea k(25) Ea k25 R’

(kcal/mol) (1/day) (kcal/mol) (1/day)
A4 2422 +0.88 6.58 + 145E-4 0.99977 2425+194 649 + 3.34E-4 0.99972
A7 2768+ 1.70 378+ 161E-4 0.99966 2780+ 1.13 3.70 £ 1.04E-4 0.99994
A8 2547+1.18 132+ 046E-5 0.99966 25624261 1.26 + 1.05E-5 0.99961
A11P 14.14 + 442 4.14 + 6.05E-4 0.98775 1269+ 6.18 6.39+ 16.17E-4 0.99341
A12 1754+ 143 302+ 1.10E-3 0.99913 1772+2.64 2.86 +2.04E-3 0.99912
A13 25264022 276 £0.17E-4 0.99998 2520+035 280+ 0.27E-4 0.99999
A14 31.78+ 042 433+ 0.50E-5 0.99996 31.70+0.96 440+ 1.20E-5 0.99996
A15 31.91+038 1.80 + 0.20E-5 0.99996 31.87+0.72 1.82 + 0.38E-5 0.99998
A16° 9.59+282 3.94+3.11E-4 0.99395 1036 £3.79 3.27 £ 3.86E-4 0.99712
A17 27.05+0.96 3.10 £ 0.90E-6 0.99969 2691+ 1.80 3.20 + 1.80E-6 0.99982

2LNISO Non-isothermal by Linear Heating

PTwo compounds (A11 and A16), which didn’t follow the first order degradation kinetics

R? Coefficient of Determination
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Table 6 Summary of the tog, values and binning classifications predicted by the three methods described herein

Compound #  Description LNISO® toges CONV. toge Abbrev. togs LNISO®  CONV®  Abbrev
(month) (month) (month) Binning  Binning  Binning

Al Stable No Degradation >24 months >24 months >24 months BIN 1 BIN 1 BIN 1
A2 Stable No Degradation >24 months >24 months >24 months BIN 1 BIN 1 BIN 1
A3 Precipitation, Unstable: — — — — — —

Not Processed
A4 First Order Degradation 53 74 6.5 BIN 3 BIN 3 BIN 3
A5 Stable No Degradation >24 months >24 months >24 months BIN 1 BIN 1 BIN 1
A6 Stable No Degradation >24 months >24 months >24 months BIN 1 BIN 1 BIN 1
A7 First Order Degradation 9.3 12.2 131 BIN 3 BIN 2 BIN 2
A8 Processed using degradant peak.  >24 months (266) >24 months (210) >24 months (163) BIN 1 BIN 1 BIN 1
A9 Precipitation: — — — — — —

Not Processed
A10 Stable No Degradation >24 months >24 months >24 months BIN 1 BIN 1 BIN 1
All Non First Order Kinetics 85 53.0 21.8 BIN 3 BIN 1 BIN 2
A12 First Order Degradation 1.2 22 1.7 BIN 3 BIN 3 BIN 3
A13 First Order Degradation 12.7 15.2 14 BIN 2 BIN 2 BIN 2
Al4 First Order Degradation >24 months (81) >24 months (135) >24 months (130) BIN 1 BIN 1 BIN 1
A15 First Order Degradation >24 months (195) >24 months (251) >24 months (185) BIN 1 BIN 1 BIN 1
Al6 Non First Order Kinetics 89 41.8 41.3 BIN 3 BIN 1 BIN 1
Al7 Processed using degradant >24 months (1136)  >24 months (1194)  >24 months (1929) BIN 1 BIN 1 BIN 1

peak.
A18 Precipitation: Not Processed. — — — — — —
ALNISO Non-isothermal by Linear Heating
PCONV. Conventional Isothermal
“Abbrev. Abbreviated Isothermal
Compound A7, the non-isothermal method predicted a compound (A14) was binned as unstable (togy

togy value of 9.3 months (BIN 3), while the conventional
and abbreviated isothermal methods predicted oy
values of 12.2 and 13.1 months (BIN 2), respectively.
Considering that the average difference in ky5 values de-
termined by LNISO method (relative to conventional
isothermal) is +43% (Table 5), for the compounds with
predicted tggy values falling within the boundaries of
two binning classifications (e.g., cases similar to Com-
pound A7) the compound could be classified either way.
Finally, all three of the stability screening methods
binned Compounds A4 and Al2 into BIN 3, which is
the category for compounds with predicted togy values
less than 12 months.

Table 7 was generated for binning classifications of the
18 discovery compounds based on their predicted togo
values into two categories: stable (togy > 24 months) and
unstable (togy, < 24 months). Based on the togy criteria, 8
compounds (Al, A2, A5, A6, A8, A10, Al5 and Al7)
out of 15 compounds with usable stability data were
classified as stable by both isothermal and non-
isothermal stability methods and 6 compounds (A4, A7,
All, A12, A13 and A16) out of the 15 compounds were
binned as unstable by the two methods. Only one

=15.3 months) by the non-isothermal method, while pre-
dicted to be stable (togy, =24.6 — 25.6 months) by con-
ventional- and abbreviated isothermal method.

Considering mechanism of degradation for the com-
pounds tested in this study, the model compounds (acet-
aminophen and sulfacetamide) both degrade by hydrolysis
of an acetamide group as described in the literature
(Koshy and Lach 1961; Meakin et al. 1971). The amine in
the aniline group of sulfacetamide is reported to be also
subject to oxidation in the presence of heat and light
(Meakin et al. 1971).

The 18 Allergan discovery compounds contain a var-
iety of chemical moieties. Table 8 is a summary of pos-
sible degradation sites for those chemical moieties.
Overall, the 18 discovery compounds tested in this study
can be categorized as the following with respect to the
mechanism of degradation:

1) Five compounds (A1, A2, A5, A6, and A10) that
didn’t show significant degradations at conditions
examined in this study contained functional groups
that may be susceptible to hydrolysis, oxidation, or
epimerization at different test conditions.
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Table 7 Summary of tgge, Values and binning classifications predicted by the three methods described herein
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Compound # Binning Classification LNISO? tgge, (month) CONVY tggy, (month) Abbrev. tegy, (Mmonth)
Al Stable >24 months >24 months >24 months

A2 Stable >24 months >24 months >24 months

A3 Precipitation, Not Processed — — —

A4 Unstable 1.0 14 1.2

A5 Stable >24 months >24 months >24 months

A6 Stable >24 months >24 months >24 months

A7 Unstable 18 23 25

A8 Stable >24 months (51) >24 months (40) >24 months (31)
A9 Precipitation: Not Processed — — —

A10 Stable >24 months >24 months >24 months

ATl Unstable (Non-First Order Kinetics) 1.6 10.0 4.1

A12 Unstable 022 041 033

A13 Unstable 24 29 26

Al4 Unstable by LNISO 153 >24 months (25.6) >24 months (24.6)
A5 Stable >24 months (37) >24 months (47) >24 months (35)
Al6 Unstable (Non-First Order Kinetics) 1.7 7.9 7.8

A17 Stable >24 months (215) >24 months (226) >24 months (365)
A18 Precipitation: Not Processed. — — —

ALNISO Non-isothermal by Linear Heating
PCONV. Conventional Isothermal
“Abbrev. Abbreviated Isothermal

2) Six compounds (A7, A8, A12, A13, Al4, and Al5)
contained amide, sulfonamide, or urea groups, which
were prone to hydrolysis, and all degraded by
following the first order kinetics. Compounds (A9
and A18) which precipitated during storage and
resulted in unusable stability data could possibly be
subject to hydrolysis.

3) Two compounds (A3 and A17) contained benzylic
carbon bridges sensitive to oxidation.

4) One compound (A11) contained functional groups
susceptible to hydrolysis or sulfa-oxidation and dem-
onstrated biphasic, non-first order degradation.

5) One compound (A4) contained chemical groups
susceptible to halide displacement, or possible
oxidation of hydroxyl group.

6) One compound (A16) with unknown degradation
path that didn’t follow first order kinetics.

In summary, there are a few experimental consider-
ations that need to be highlighted regarding use of the
non-isothermal methodology for preformulation stability
screening at the early stages of drug development. As
described here, the theoretical model used for the non-
isothermal stability is derived assuming first order kinet-
ics. For this reason, the LNISO predictions are most
valid for compounds whose degradation follows such
kinetics. When applied to compounds with known, or

unknown, degradation pathways, the R? (Coefficient of
Determination) values can be utilized to determine the
reliability of the predicted stability parameters obtained
by fitting experimental data to the theoretical model for
non-isothermal stability. In this study, the results with
R? values higher than 0.999 were considered reliable. In
addition, other factors to consider for the experimental
design of LNISO stability studies include pH and cata-
lytic buffer effects, both of which could significantly
affect the degradation rate constants. For example, com-
pounds that are predicted to be unstable at pH 7, could
have significantly greater stability at, for example, pH 5.
The results of this study also suggest that the LNISO
stability method can be utilized for liquid formulation
screenings, where the relative stability of a lead drug
candidate can be tested in different solution media for li-
quid formulations.

Conclusions

The LNISO method is found to be a powerful high-
throughput technique for rapid preformulation stability
screening of pharmaceutical compounds by binning the
compounds into categories based on the predicted toge
or togy values to discern the most stable compound at
the tested condition(s). The LNISO method may not
yield ky5 and E, values that exactly match the isothermal
values, however, the results of this study shows that
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Table 8 Chemical structures and structral fragments with degradation mechanisms relevant to the compounds used in this study

Compound ID Chemical Group(s) Degradation Mechanism
susceptible to degradation
Acetaminophen @/NHY Acetamide hydrolysis catalyzed by acid or base’
HO' ©
Sulfacetamide © Acetamide hydrolysis,
N\ NH Aniline -NH, oxidation’
S
o
HoN
[ Amide hydrolysis
[N
Al D
2 Oxidation at -OH group,
\\ Epimerization of alpha anomer near carbonyl
A2 s o
.~ group
HO
Iy 2, Oxidation of benzylic carbon bridge
. iove
O\
N & Halide displacement,
Ad zj\ Possible oxidation of -OH group
s
i Acetamide hydrolysis
SN
AS
€
0y, Amide hydrolysis
N
A6
i
A.S\ Jf S— Hydrolysis of urea group
A7 N AL
AR
ﬁ j\ Amide hydrolysis
A8 _/S§N S
55\““ Tolyl acetamide hydrolysis
. G
A
%,‘L. Sulfonamide hydrolysis (acid catalyzed)
Iy 0=?
Al10 NH
L,
_‘?é)a, Hydrolysis,
% Sulfa oxidation
All E
5%
S Hydrolysis
Al2 J\r\N o
N
o W Urea group hydrolysis
S Ak
Al3 NNTSS
N o Urea group hydrolysis
s . )LN;L‘ group hydroly:
Al4 H O H
O Amide hydrolysis
s = ide hydrolysi
Als HN—
Unknown degradation mechanism, the degradation
Al6 - didn’t follow first order kinetics.
JJ\S /@” N Oxidation of benzylic carbon bridge
Al7 wn
Possible hydrolysis
Al18
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these stability parameters correlate very well by the two
methods when the same experimental conditions are ap-
plied. The good correlations between k5 (Fig. 8) and E,
(Fig. 11) determined by non-isothermal vs. isothermal
and the comparable binning classification results by the
two methods (Tables 6 and 7) indicate that the LNISO
method is feasible for compound binning. The LNISO
method should be used judiciously, keeping in mind that
the method cannot predict the absolute stability parame-
ters as accurately as the conventional isothermal stabil-
ity, and it is most effective for compounds whose
degradation pathways follow first order (or pseudo first
order) kinetics.
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